Aims Several single nucleotide polymorphisms (SNPs) of the cytochrome P450 enzyme 1A2 gene ( CYP1A2 ) have been reported. Here, frequencies, linkage disequilibrium and phenotypic consequences of six SNPs are described. Methods From genomic DNA, 114 British Caucasians (49 colorectal cancer cases and 65 controls) were genotyped for the CYP1A2 polymorphisms -
Introduction
The cytochrome P450 enzyme CYP1A2 is one of the drug-metabolizing enzymes of major importance as it catalyses the phase I metabolism of a broad range of different drugs including clozapine, olanzapine, and tacrine [1] [2] [3] . Its contribution to caffeine metabolism is well-documented and is the basis of the caffeine pheno-typing test, used to assess an individual's CYP1A2 metabolic activity [4] [5] [6] .
Moreover, CYP1A2 is one of the enzymes responsible for the activation of aromatic and heterocyclic amines (HAs) and polycyclic aromatic hydrocarbons (PAHs) [7, 8] . Such compounds are formed during the frying or broiling of meat, and their metabolism via CYP1A2 results in the formation of reactive metabolites that can bind to DNA to give adducts that have the potential to cause mutations and eventually lead to cancer. Therefore, high in vivo CYP1A2 activity has been suggested to be a susceptibility factor for cancers of the bladder, colon and rectum [9, 10] where exposure to compounds such as aromatic amines and HAs has been implicated in the aetiology of the disease. This makes CYP1A2 a key target enzyme for epidemiological studies on diet-related cancers such as colorectal cancer.
In vivo, CYP1A2 activity exhibits a significant degree of interindividual variation. One possible explanation for this is that CYP1A2 expression is highly inducible by a number of dietary and environmental chemicals including tobacco smoking [11] , which is mediated via ligand binding at the Ah receptor [12] . Another possible contributor to interindividual variability in CYP1A2 activity is the occurrence of polymorphisms in the CYP1A2 gene. In the past few years, a number of CYP1A2 single nucleotide polymorphisms (SNPs) have been reported [13] [14] [15] [16] [17] [18] [19] [20] , four of which lie in the 5¢-noncoding promoter region. The current nomenclature (as of 2 July 2002) proposed by the International CYP Allele Nomenclature Committee is given in Table 1 [20] . One of the known CYP1A2 SNPs, CYP1A2 3858GAEA (CYP1A2*1C), has been reported to cause decreased enzyme activity in smokers [17] but seems to be rare. Another SNP, the very common CYP1A2 164AAEC polymorphism (CYP1A2*1F), has also been associated with reduced activity in smokers [14, 15, 18] and may contribute significantly to the substantial interindividual variation in CYP1A2 activity. Relatively little is known about other CYP1A2 SNPs in terms of their allele frequency, possible linkage disequilibrium and functional consequences.
In this study, we report allele frequencies and linkage disequilibrium for six known CYP1A2 polymorphisms. Furthermore, we investigated whether CYP1A2 genotype correlates with caffeine phenotype and if there were any differences in CYP1A2 caffeine phenotype (ie CYP1A2 activity) between colorectal cancer patients and controls. This work was performed as part of a larger study on the influence of polymorphisms in enzymes metabolizing heterocyclic amines on the risk of developing colorectal cancer.
Subjects and methods

Patients and controls
Our study population consisted of 114 individuals, 49 colorectal cancer patients and 65 controls without cancer, from York, UK, recruited in a multicentre case-control study performed between August 1997 and February 2001 at the Universities of Dundee, Leeds and York. Patients had incident colorectal cancer (ICD-9 classification 153) with confirmed pathology reports. Patients as well as controls without cancer were 45-80 years old, of Caucasian origin, and had no previous other malignant diseases. Patients comprised 44 nonsmokers plus five current smokers, whilst controls comprised 56 nonsmokers plus nine current smokers. As a subgroup, there were 15 nonsmoking case-control pairs who were matched for age, sex and general practitioner. The Tayside Committee on Medical Research Ethics, the York Research Ethics Committee and the Leeds Health Authority/St James's & Seacroft University Hospitals Local Research Ethics Committee approved the study, and each participating individual gave written informed consent for both phenotyping and genotyping analysis, which were performed blind to the identity of the subject group.
Phenotyping procedure
Subjects were asked to refrain from the consumption of caffeine-containing foods and beverages and paracetamol (to avoid assay interference) for 24 h prior to the test. A cup of instant coffee (4 g) was drunk and urine collected for 8 h. The latter were extracted and analysed by high-performance liquid chromatography (h.p.l.c.) [4] . The caffeine metabolite ratio (MR) [(AAMU + AFMU + 1 U + 1X)/17 U] was used as an index of CYP1A2 activity (modified from Campbell [20] (as of 2 July 2002).
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1291CAET R 431 W et al. [21] ). Lower limits of quantification were 0.25 (AFMU, 1 U, 17 U) to 0.5 (AAMU, 1X) mg ml -1 urine. Interassay variance for the MR was 7.6%.
Genotype analysis
Genomic DNA was extracted from 200 ml of EDTA blood, using a QIAamp 96-spin blood kit (Qiagen Ltd., Crawley, UK). DNA was stored at -20∞C prior to analysis. Genotesting for six CYP1A2 polymorphic sites (-3858GAEA, -2464TAEdelT, -740TAEG, -164 AAEC, 63CAEG, 1545TAEC) was carried out adapting polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) assays reported in the literature; a compilation of assay conditions is given in Table 2 . All PCR reactions were run on a 10-ml scale, with each mastermix comprising 0.2 mM dNTPs, 200 nM of each of the primers, 1 U of Taq polymerase, the appropriate concentration of MgCl 2 (see Table 2 ) and PCR buffer, all purchased from Promega (Southampton, UK). Analysis of restriction fragment patterns was performed on 96-well MADGE gels (Madgebio Ltd, Huntington, UK). This system is based on microtitre plate-sized 10% polyacrylamide gels, allowing a cost-efficient and timesaving high-throughput simultaneous analysis of 96 samples. Results were documented using a digital gel-analysis system and Phoretix Advanced software ( Figure 1 ).
Data analysis
Analysis of possible linkage disequilibrium between six CYP1A2 SNPs was performed using the computer program EH/EH Plus [22, 23] , which calculates maximum likelihood estimates of the frequencies of each possible haplotype.
Possible differences in SNP or allele frequencies between cases and controls were tested by two-sided Fisher's exact test. For genotype-and case-controlstratified comparison of caffeine phenotype, the nonparametric Kruskal-Wallis and Mann-Whitney tests were applied (Stata 7.0 software; Stata Corp., College Station, TX, USA), taking into consideration that the caffeine metabolic ratios were not normally distributed in all subgroups as determined by the Kolmogorov-Smirnov test. Metabolic ratios between matched case/control pairs were compared using the Wilcoxon signed rank test.
Results
A total of 114 study participants (49 colorectal cancer patients and 65 healthy controls) were genotyped for the CYP1A2 polymorphisms -3858GAEA (allele CYP1A2*1C), -2464TAEdelT (CYP1A2*1D), -740TAEG (CYP1A2*1E and *1G), -164 AAEC (CYP1A2*1F), 63CAEG (CYP1A2*2), and 1545TAEC (alleles CYP1A2*1B, *1G, *1H and *3) [20, 24, 25] . For the SNPs, there were no significant differences in frequencies between cases and controls as calculated by two-sided Fisher's exact test (see below, Table 3 ). Therefore, the allele frequencies in all 114 subjects were pooled and are shown in Figure 2 . The most frequent SNPs were CYP1A2 1545TAEC (alleles CYP1A2*1B, *1G, *1H and *3; overall frequency 38.2% of chromosomes, cases 36.7%, controls 39.2%), CYP1A2-164AAEC (CYP1A2*1F; overall 33.3%, cases 32.7%, controls 33.8%) and CYP1A2-2464TAEdelT (CYP1A2*1D; overall 4.82%, cases 4.08%, controls 5.38%). The common CYP1A2 polymorphisms were found to be in linkage disequilibrium. The maximum likelihood estimates of haplotype frequencies were calculated using the EH linkage disequilibrium program [22, 23] , and are shown in Figure 2 . The most frequent allelic constellations were calculated to be -3858G/-2464T/-740T/ -164A/63C/1545T (61.8%), -3858G/-2464T/-740T/ -164C/63C/1545C (33.3%), and -3858G/-2464delT/ -740T/-164A/63C/1545C (3.51%).
As expected, the 14 smokers (five cases plus nine controls) had significantly higher metabolic ratios (MR) than the 100 nonsmokers (44 cases plus 56 controls) (P = 0.015; Figure 3 ). Metabolic ratios were highly skewed, so to estimate the difference in MR between groups, they were log-transformed to form a more normally distributed variable. The geometric mean of the ratio of the MR in smokers compared with nonsmokers was 1.49, 95% confidence interval (CI) 1.01, 2.19. As illustrated in Figure 3 , after stratifying cases and controls according to their smoking status, MRs were significantly lower in cases than in controls among the smokers (five cases vs. nine controls, P = 0.020, ratio of control MR to cases 3.45, 95% CI 1.51, 7.85), whereas this effect was not significant in nonsmokers (44 cases vs. 56 controls, P = 0.39, ratio 1.04, 0.80, 1.35). Analysis of the subgroup of 15 matched case-control pairs (all nonsmokers, matched for age, sex and general practitioner) gave a P- Possible correlations between CYP1A2 genotype and phenotype were investigated within the cancer and control groups and in the population as a whole. No significant association between caffeine phenotype and any SNP, allele or combination of alleles was found in the three groups or in the 14 smokers and 100 nonsmokers (data not shown).
Discussion
This study provides a comprehensive analysis of six known CYP1A2 SNPs, their linkage disequilibrium and frequencies in British Caucasians. The frequency of the CYP1A2-164AAEC polymorphism (CYP1A2*1F, 33.3%) was comparable to that found in an earlier study in German Caucasians (32.2%) [18] . In a recent report, CYP1A2 1545TAEC (CYP1A2*1B, *1G, *1H and *3) was found to be present in 70 of 200 French Caucasian chromosomes (35.0%) [26] , which compares well with the CYP1A2-1545TAEC frequency of 38.2% found in the present study. Polymorphisms CYP1A2-2464TAEdelT (CYP1A2*1D) and CYP1A2 740TAEG (CYP1A2*1E and *1G) were significantly less frequent in our 114 Caucasians (frequency 4.82% and 0.44% of chromosomes, respectively) than in 159 Japanese individuals (42.0% and 8.20%) [15] . However, ethnic differences in SNP frequency are not uncommon. Information about the population frequencies of the other SNPs in Caucasians was not available. Therefore, the study presented here describes the first comprehensive analysis of these CYP1A2 SNPs in Caucasians.
The common CYP1A2 polymorphisms were found to be in linkage disequilibrium. Before this study, most CYP1A2 SNPs had been analysed independently. However, the extent of linkage disequilibrium observed in the present study suggests that a change in the current nomenclature of CYP1A2 alleles [20] might be appropriate. Some of the SNPs defining alleles in the current system seem not to occur on their own, but together with other SNPs. However, this might only be true in British Caucasians, as the linkage disequilibrium is based on frequencies observed in the one ethnic group tested here. Therefore, SNP frequencies and their linkage disequilibrium may be different in other ethnic groups.
CYP1A2 1545TAEC was always in linkage disequilibrium to either CYP1A2-164AAEC (CYP1A2*1F) or CYP1A2-2464TAEdelT (CYP1A2*1D). The CYP1A2-63CAEG (CYP1A2*2) genotype was not found in any of our 114 British Caucasians, whereas CYP1A2-740TAEG (CYP1A2*1E and *1G) was found in only one heterozygous individual. Thus, these three sites (1545TAEC, 63CAEG, -740TAEG) do not have to be screened when populations are being routinely genotyped. Furthermore, the CYP1A2-3858GAEA polymorphism (CYP1A2*1C) was not very frequent in our population. In the two cases we detected in 114 individuals, it was found to occur in combination with CYP1A2-2464TAEdelT, indicating that routine screening for CYP1A2-3858GAEA is useful only in samples that are positive for CYP1A2-2464TAEdelT. Hence, in a sample of colorectal cancer cases and controls (total n = 1099), we subsequently screened for CYP1A2-3858GAEA only in CYP1A2-2464TAEdelT-positive samples. Twenty samples out of 1099 were positive for CYP1A2-3858GAEA (unpublished data), giving almost the same frequency as the two out of 114 individuals identified in the present study (0.88% vs. 0.91%).
Recently, three additional novel CYP1A2 SNPs have been published [27] . The first, CYP1A2-3591TAEG, had a frequency of 1.72% in 174 Caucasians (ie in 348 chromosomes), and appeared to have little effect on CYP1A2 promoter activity. For two others, CYP1A2 3595GAET and CYP1A2-3605insT, the population frequency in Caucasians was small and the functional consequences of the polymorphism were negligible. However, all three SNPs seemed to be more frequent in African-Americans and Taiwanese than in Caucasians [27] .
Five additional SNPs were reported by Chevalier et al.
Figure 3
The frequency distribution of caffeine metabolic ratios (MR) in all 114 subjects. Data are also stratified according to case/control and smoking status. Box plots show median, 1st and 3rd quartiles, mean (-) and minimum/maximum values (*), respectively. As expected, CYP1A2 activity was higher in smokers than in nonsmokers. Consistently, colorectal cancer cases had a lower activity than controls, in both smokers and nonsmokers, and also in the subgroup of 15 nonsmoking matched case-control pairs. No significant differences were observed by comparing caffeine metabolic ratios between different CYP1A2 genotypes (data not shown). Nonsmokers P = 0.39 [26] , namely 951AAEC (CYP1A2*1H), 1042GAEA (CYP1A2*3), 1156AAET (CYP1A2*4), 1217GAEA (CYP1A2*5) and 1291CAET (CYP1A2*6) (see Table 1 ). As only two heterozygotes (for 1042GAEA) and one heterozygote (for the other four SNPs, respectively) were detected in 100 French Caucasians, these variants appeared to be relatively rare. Therefore, we are convinced that these additional SNPs can be excluded, at least in Caucasians, as significant determinants of interindividual variability in CYP1A2 activity. However, frequencies of these SNPs in subjects of other ethnic extraction might be higher.
In conclusion, routine genotyping for variants CYP1A2-164AAEC (CYP1A2*1F) and CYP1A2-2464TAEdelT (CYP1A2*1D) would appear to be sufficient to detect most CYP1A2 genotypes in Caucasians, as the frequency of each of the other known CYP1A2 SNPs is less than 2%.
As expected from previous work, a significantly higher CYP1A2 activity (based on the caffeine metabolite ratio) was observed in the 14 smokers compared with the 100 nonsmokers in our population. Unexpectedly, colorectal cancer cases showed a lower CYP1A2 activity than controls. Whereas the effect did not reach a significant level in nonsmokers, the difference was significant in smokers, and was striking in 15 matched nonsmoker case-control pairs. This finding cannot be explained by a divergent distribution of genotypes in the cases and controls, as there was no significant difference in genotype frequencies between the two groups. Surprisingly, the shift was in the direction we did not expect, namely towards lower activity in patients. The prevailing hypothesis is that subjects with increased susceptibility to colon cancer have higher CYP1A2 activity, and greater activation of procarcinogenic compounds, than noncancer subjects. This is apparently supported by the results of Lang et al. [9] in colorectal cancer patients, as well as those from Spigelman et al. [28] in familial adenomatous polyposis (FAP) patients. In both studies, patients had higher CYP1A2 activity using caffeine as a probe than controls, although the difference was only slight in the investigation by Lang et al. [9] . In contrast, we observed the opposite effect, and whereas this may be in part due to our relatively small study population, the consistency of the shift in activity in the three subgroups (smokers, nonsmokers, matched case-control pairs, Figure 3 ) strongly points against a chance finding. However, there are fundamental differences between the patient cohorts of Lang et al. [9] , Spigelman et al. [28] and ours. All of our patients had a confirmed diagnosis of colorectal cancer (Dukes stage A, B or C), whereas only 45% of patients in the Lang et al. [9] study had colorectal cancer, the remainder being diagnosed with polyps. In the Spigelman et al. [28] report, the study population were FAP patients, whereas in our study a diagnosis of FAP was an exclusion criterion. One possible explanation might be that advanced cancer may go together with impaired liver function. Another possible explanation might be differences in diet between cancer patients and healthy controls. It is well established that certain vegetables can decrease CYP1A2 activity, whereas meat has the opposite effect [29, 30] . It is possible that cancer patients may modify their eating habits in a 'healthier' direction, and that consumption of a relatively fruit and vegetable-rich diet compared with the 'normal' western diet of the healthy controls, which is rich in grilled meat, might cause a decrease in CYP1A2 activity.
Among the 100 nonsmokers, no significant differences in CYP1A2 activity were observed when stratified for CYP1A2 genotype. It is known that CYP1A2-164AAEC (CYP1A2*1F) influences caffeine metabolic activity [18] . Thus, significantly higher activity was observed in carriers of the CYP1A2-164A/A constellation, but only in a study group of smokers. It has been speculated that this might be due to modification of a hypothetical binding motif in intron 1, which then facilitates higher CYP1A2 induction by tobacco smoke components [14, 18] . However, the group of smokers in the present investigation was small, so that the power to see any genotype-dependent shift in activity was low. There was no effect in nonsmokers, which agrees with the previous reports in which no genotype-dependent shift in activity could be detected in such subjects. Presumably, the CYP1A2 promoter polymorphisms are relevant only in smokers, where they can influence enzyme activity by affecting the mechanism of gene induction. Further investigations on CYP1A2 genotype and phenotype in a larger sample of smokers will be required before any definitive conclusion can be reached.
Owing to their low population frequency, nothing can be concluded about the functional influence of the CYP1A2-3858GAEA (CYP1A2*1C, two out of 228 chromosomes) and the CYP1A2-740TAEG (CYP1A2*E and *1G, one out of 228 chromosomes) polymorphisms, although the metabolic ratios of these subjects (MR 0.6, 13.4 and 4.3, respectively) did not show a trend in any particular direction. Nakajima et al. [17] described the CYP1A2-3858GAEA variant (CYP1A2*1C) as expressing low activity enzyme, which would explain the one subject with a MR of 0.6. However, this is not consistent with the other CYP1A2-3858GAEA (CYP1A2*1C) carrier who was a very fast metabolizer with a MR of 13.4. Again, a larger sample of smokers will be needed to resolve these questions.
In conclusion, as CYP1A2 polymorphisms are in strong linkage disequilibrium, only two sites (-164AAEC (CYP1A2*1F) and -2464TAEdelT (CYP1A2*1D)) need to be typed routinely to allow assessment of CYP1A2 genotype. In contrast to previous studies, the in vivo activity of CYP1A2 in our study was lower in colorectal cancer patients than in controls. CYP1A2 genotype does not appear to explain interindividual variation in CYP1A2 metabolic activity in nonsmokers, and further investigations in a larger sample of smokers are needed.
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